Maternal exposure to endocrine disrupting chemicals (EDCs) and a high-fat intake may induce the developmental programming of hypertension in adult offspring. Bisphenol A (BPA) is one of the most commonly environmental EDCs. As the nitric oxide (NO) and aryl hydrocarbon receptor (AHR) signaling pathways both contribute to the pathogenesis of hypertension, we evaluated whether resveratrol, an antioxidant and an AHR antagonist, can prevent hypertension programmed by a maternal BPA and HF diet. Sixteen-week-old male rat offspring were assigned to six groups (n = 8 per group): Control, HF (D12331, Research Diets), BPA (50 µg/kg/day), HF + BPA, BPA + R (resveratrol 50 mg/L in drinking water throughout pregnancy and lactation), and HF + BPA + R. Maternal BPA exposure exacerbated hypertension programmed by HF consumption in adult male offspring, which was protected by maternal resveratrol therapy. The BPA and HF diet synergistically induced oxidative stress in offspring kidneys, which resveratrol treatment prevented. We observed that HF + BPA-induced programmed hypertension was associated with a decreased NO bioavailability, increased oxidative stress, and an activated AHR signaling pathway. The beneficial effects of resveratrol are relevant to restoring NO bioavailability, reducing oxidative stress, and antagonizing the AHR signaling pathway. Our results cast a new light on resveratrol as a reprogramming strategy to protect against hypertension programmed by combined BPA and HF exposure, but this strategy has yet to be translated into clinical applications. Keywords: asymmetric dimethylarginine; aryl hydrocarbon receptor; bisphenol A; developmental origins of health and disease (DOHaD); high-fat diet; hypertension; nitric oxide; oxidative stress Int.
Introduction
Maternal exposure to environmental chemicals, such as endocrine disrupting chemicals (EDCs), can increase disease risk later in life. This concept is known as the developmental origins of health and disease (DOHaD) [1] . One of the most commonly environmental EDC exposures is bisphenol A (BPA). Though the U.S. Food and Drug Administration and European Food Safety Authority have banned BPA from infant formula bottles, many plastic food and drinking containers still contain BPA. BPA has been reported to be associated with the development of cardiovascular disease and hypertension in both children and adults [2] . A previous study showed that exposure to BPA during pregnancy is associated with higher blood pressure (BP) of children [3] . However, the impacts of maternal BPA exposure on BP in adult offspring remain unclear.
Results

Morphometric Values and Blood Pressures
Neither a HF diet nor BPA exposure affected the survival of male pups (Table 1 ). However, one rat pup died soon after birth in the HF + BPA group. The body weight (BW), kidney weight, and kidney weight-to-BW ratio were not different between the six groups. At 16 weeks of age, both HF diet and BPA exposure resulted in the elevation of systolic blood pressure (SBP). BPA exposure further increased 16 mmHg of SBP in the HF + BPA group compared with that in the HF group (Table 1) . As shown in Figure 1 , SBP was higher in HF + BPA-exposed rats than those in the controls from 8 to 16 weeks of age. Conversely, resveratrol treatment reduced SBP from 10 to 16 weeks and produced a significant reduction of SBP (~10 mmHg) in the HF + BPA + R offspring compared to the HF + BPA group at 16 weeks of age. Similarly, resveratrol treatment caused a reduction of SBP (~10 mmHg) in the BPA + R group vs. the BPA group at 16 weeks of age. Effects of maternal high-fat diet (HF), bisphenol A (BPA), and resveratrol (R) on systolic blood pressure (SBP) measured in male offspring at 3, 4, 8, 12 and 16 weeks of age. n = 7-8/group; * p < 0.05 versus control; # p < 0.05 versus HF; † p < 0.05 versus BPA; ‡ p < 0.05 versus HF + BPA; $ p < 0.05 versus BPA + R.
Plasma Levels of NO-Related Elements
Since asymmetric dimethylarginine (ADMA, an endogenous inhibitor of the NO synthase)related reactive oxygen species (ROS)/NO imbalance plays an important role in programmed hypertension [14] , we first examined the elements in the ADMA-NO pathway. L-arginine (the substrate for the NO synthase) and ADMA each competed for NOS and were present in a ratio that maintained NO homeostasis; this ratio defined NO bioavailability [15] . Table 2 shows that combined HF and BPA exposure caused increases of plasma ADMA and symmetric dimethylarginine (SDMA, an isomer of ADMA) levels as well as a decrease in the plasma L-arginine-to-ADMA ratio vs. controls. Resveratrol treatment reduced plasma SDMA levels in the BPA + R group compared to that in the BPA group. Additionally, resveratrol treatment caused higher plasma levels of L-citrulline and Larginine in the HF + BPA + R group than those in the HF + BPA-treated offspring. These findings indicate that HF + BPA reduced NO bioavailability, which resveratrol treatment prevented. 
Since asymmetric dimethylarginine (ADMA, an endogenous inhibitor of the NO synthase)-related reactive oxygen species (ROS)/NO imbalance plays an important role in programmed hypertension [14] , we first examined the elements in the ADMA-NO pathway. l-arginine (the substrate for the NO synthase) and ADMA each competed for NOS and were present in a ratio that maintained NO homeostasis; this ratio defined NO bioavailability [15] . Table 2 shows that combined HF and BPA exposure caused increases of plasma ADMA and symmetric dimethylarginine (SDMA, an isomer of ADMA) levels as well as a decrease in the plasma l-arginine-to-ADMA ratio vs. controls. Resveratrol treatment reduced plasma SDMA levels in the BPA + R group compared to that in the BPA group. Additionally, resveratrol treatment caused higher plasma levels of l-citrulline and l-arginine in the HF + BPA + R group than those in the HF + BPA-treated offspring. These findings indicate that HF + BPA reduced NO bioavailability, which resveratrol treatment prevented. 
Protein Levels in the ADMA-NO Pathway
Next, we examined the expression of the proteins involved in the ADMA-NO pathway. As shown in Figure 2 , the renal endothelial NO synthase (eNOS) protein level was lower in the HF + BPA treated offspring vs. controls, which was prevented by resveratrol treatment. Similarly, combined HF and BPA exposure caused a reduction of the neuronal NO synthase (nNOS) protein abundance, while this reduction was mitigated by resveratrol treatment. Additionally, our data demonstrated that protein levels of PRMT1 (ADMA-synthesizing enzyme), and DDAH-1 and -2 (ADMA-metabolizing enzymes) were not different among the six groups. Nevertheless, we found renal DDAH activity was lower in the HF + BPA group than that in the controls ( Figure 3A ). We measured the stable metabolite of the NO and NO 2 − levels in the urine to reflect renal NO bioavailability. The urinary NO 2 − level was lower in the HF, BPA, and HF + BPA groups than that in the controls ( Figure 3B ). However, resveratrol significantly increased the urinary NO 2 − level in the HF + BPA + R group vs. the HF + BPA group. 
Next, we examined the expression of the proteins involved in the ADMA-NO pathway. As shown in Figure 2 , the renal endothelial NO synthase (eNOS) protein level was lower in the HF + BPA treated offspring vs. controls, which was prevented by resveratrol treatment. Similarly, combined HF and BPA exposure caused a reduction of the neuronal NO synthase (nNOS) protein abundance, while this reduction was mitigated by resveratrol treatment. Additionally, our data demonstrated that protein levels of PRMT1 (ADMA-synthesizing enzyme), and DDAH-1 and -2 (ADMA-metabolizing enzymes) were not different among the six groups. Nevertheless, we found renal DDAH activity was lower in the HF + BPA group than that in the controls ( Figure 3A ). We measured the stable metabolite of the NO and NO2 -levels in the urine to reflect renal NO bioavailability. The urinary NO2 -level was lower in the HF, BPA, and HF + BPA groups than that in the controls ( Figure 3B ). However, resveratrol significantly increased the urinary NO2 -level in the HF + BPA + R group vs. the HF + BPA group. 
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Immunohistochemistry Staining of 8-OHdG
We next investigated oxidative stress damage in offspring kidneys by using immunohistochemistry to analyze 8-hydroxydeoxyguanosine (8-OHdG), an index of oxidative stress-derived DNA damage. As shown in Figure 4A 
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AHR and Its Target Genes
We further measured the expression of the AHR and AHR target genes. The renal AHR protein level was higher in the BPA and HF + BPA groups compared to that in the controls as well as the HF group ( Figure 5A ). Additionally, our data show that there was a higher renal mRNA expression of Ahrr, Cyp1a1 and Arnt in the HF + BPA-treated offspring compared with those in the controls. We also found that these changes of AHR target genes were restored by resveratrol therapy. . n = 5/group; * p <0.05 versus control; # p <0.05 versus HF; † p < 0.05 versus BPA; ‡ p < 0.05 versus HF + BPA.
We further measured the expression of the AHR and AHR target genes. The renal AHR protein level was higher in the BPA and HF + BPA groups compared to that in the controls as well as the HF group ( Figure 5A ). Additionally, our data show that there was a higher renal mRNA expression of Ahrr, Cyp1a1 and Arnt in the HF + BPA-treated offspring compared with those in the controls. We also found that these changes of AHR target genes were restored by resveratrol therapy. 
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Discussion
This study casts a new light on the links of the ADMA-NO pathway, oxidative stress, and the AHR signaling pathway in the kidney by which maternal resveratrol treatment attenuates hypertension programmed by combined BPA and HF exposure in adult male offspring. The key contributions of this work are presented as follows: (1) Maternal BPA exposure exacerbates hypertension programmed by dams exposed to an HF diet in adult male offspring; (2) resveratrol treatment moderates hypertension programmed by BPA or HF + BPA; (3) there was a synergistic effect of the HF diet and BPA exposure on inducing oxidative damage in offspring kidneys, which resveratrol treatment prevented; (4) HF + BPA-induced programmed hypertension is related to decreases of NO bioavailability, increases of oxidative stress, and the activation of the AHR signaling pathway; and (5) resveratrol restores NO bioavailability, reduces oxidative stress, and antagonizes AHR signaling so that HF + BPA-induced hypertension is prevented in adult male offspring.
Early BPA exposure has been associated with an increased risk of developing obesity, diabetes, and cardiometabolic diseases [16, 17] . As far as we know, no previous research has investigated whether early exposure to BPA and/or HF diet increases the vulnerability of offspring to hypertension in later life. In the current study, BPA was administered at a dose of 50 μg/kg bodyweight/day based on the estimated human exposure levels and the current oral reference dose set by the US Environmental Protection Agency (USEPA) [18] . Though this dose is likely to be 
Early BPA exposure has been associated with an increased risk of developing obesity, diabetes, and cardiometabolic diseases [16, 17] . As far as we know, no previous research has investigated whether early exposure to BPA and/or HF diet increases the vulnerability of offspring to hypertension in later life. In the current study, BPA was administered at a dose of 50 µg/kg bodyweight/day based on the estimated human exposure levels and the current oral reference dose set by the US Environmental Protection Agency (USEPA) [18] . Though this dose is likely to be without a considerable risk of deleterious effects during a lifetime [18] , our data show mother rats exposed to low doses of BPA during pregnancy and lactation not only caused the elevation of BP in their adult offspring but also aggravated hypertension programmed by the maternal HF diet. Our results are agreement with previous studies showing that different insults could be synergistically contributing to renal programming and programmed hypertension [9, 19] . Of note is that the increases of BP were mitigated by maternal resveratrol therapy. Though resveratrol has been reported to lower BP in adult hypertension [20] , few studies are available regarding dams exposed to resveratrol protecting programmed hypertension in their adult offspring [12] . To our knowledge, this is the first report showing that resveratrol administration during pregnancy and lactation periods protects adult offspring against hypertension programmed by combined maternal BPA and HF exposure.
Certain mechanisms contributing to the protective effects of resveratrol against HF + BPA-induced hypertension have been observed, such as the reduction of oxidative stress, the restoration of NO bioavailability, and the abrogation of AHR activation. Early-life oxidative stress attributed to NO-ROS imbalance is considered as a key mechanism underlying programmed hypertension [14, 21] . A variety of prenatal insults have been associated with oxidative stress to lead to renal programming and programmed hypertension [21] , including a maternal HF diet [5] . Though research has reported that BSA exposure can induce oxidative stress, resulting in kidney damage [22] , no study to date has examined whether hypertension programmed by maternal BPA exposure is associated with oxidative stress. Our data address that BPA not only increases 8-OHdG staining, an oxidative stress damage marker, but also exacerbates HF-induced increases of 8-OHdG staining. Conversely, resveratrol improves oxidative stress, represented by lower 8-OHdG staining in both the BPA + R and HF + BPA + R groups. These findings tie in well with previous studies wherein the beneficial effects of resveratrol were noted as, at least in part, due to its antioxidant properties [9, 10, 12, 20] .
Another protective mechanism of resveratrol on BPA + HF-induced programmed hypertension may be related to the restoration of NO bioavailability. Conflicting a previous study showing that BPA at the dose ranged from 1 to 100 µM increased NO 2 − production in murine endothelial cells [23] , we found that the urinary level of NO 2 − was decreased in the BPA-treated offspring. NO is a vasodilator.
We observed that both indices of NO bioavailability, l-arginine-to-ADMA ratio and the NO 2 − level, were reduced in the BPA + HF group. Additionally, BPA + HF caused the elevation of BP and was associated with decreased renal protein levels of eNOS and nNOS, an increased plasma ADMA level, and decreased DDAH activity. Our data support a close link between the ADMA-NO pathway and programmed hypertension, which concurs with previous studies from our laboratory and other [14, 15] . On the contrary, resveratrol therapy increased the plasma l-arginine level, restored the decreased protein levels of eNOS and nNOS, improved renal DDAH activity, and the increased NO 2 − level. Our data are in agreement with previous studies showing that the early restoration of the ADMA-NO pathway, prior to hypertension in favor of NO, is able to prevent the development of hypertension in different hypertensive models [14, 24] . Additionally, the beneficial effects of resveratrol therapy could be due to the antagonization of the AHR signaling pathway. Like other EDCs, BPA is a ligand for the AHR. It has been reported that the AHR agonist ligand 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) has induced a high BP, and, in this process, AHR target genes like Ahrr and Cyp1a1 may be involved [8, 25] . The AHR repressor (AHRR) is an AHR-regulated gene and a negative regulator of the AHR by competing with the AHR for the binding of the AHR nuclear translocator (ARNT) [8] . Our results demonstrated that BPA significantly increased the protein level of the AHR as well as the mRNA expression of Ahrr, Cyp1a1, and Arnt in the HF + BPA-treated offspring kidneys. These findings indicate that BPA activates the AHR signaling pathway, which appears to be correlated with the elevation of BP. Though the AHR has been reported to protect high-fat diet-induced adverse phenotypes in adult mice [26] , this notion is not supported by our data, which showed that a maternal HF diet had no effect on the AHR signaling pathway in the offspring. Nevertheless, these HF + BPA-induced increases of the AHR protein and the mRNA expression of Ahrr, Cyp1a1, and Arnt were restored by resveratrol therapy. The present observations suggest that resveratrol may act as an AHR antagonist and inhibit BPA-induced AHR target gene expression.
One limitation in the current study is that we did not conduct control + R, BPA + R, and HF + R groups. One reason is because resveratrol has no prior history of toxicity in humans [27] . Additionally, we mainly focused on studying the reprogramming effect of resveratrol on the two-hit HF + BPA model rather than the one-hit model. However, whether maternal resveratrol therapy might cause long-term reprogramming changes in offspring prenatally exposed to BPA or HF alone remains to be clarified. Next, we did not examine different doses and exposures of BPA. Given that BPA effects could be very different for low and high doses [28] , it would be interesting to determine whether various exposure protocols of BPA lead to differential phenotypes of adult offspring. Moreover, we did not examine other organs involved in BP control, such as the vasculature, heart, and brain. The beneficial effects of maternal resveratrol therapy might be derived from these organs. Table 3 . Quantitative real-time polymerase chain reaction primers sequences.
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Western Blot
A Western blot analysis was performed using the methods published previously [5] . Briefly, protein (200 µg of kidney cortex) from the supernatant of each sample was separated by SDS-PAGE and transferred onto a nitrocellulose membrane (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA). The membranes were incubated with a Ponceau S red (PonS) stain solution (Sigma-Aldrich, St. Louis, MO, USA) for 10 minutes on the rocker. After blocking with phosphate-buffered saline-Tween (PBS-T) containing 5% dry milk, the membranes were incubated with a primary antibody. We used the following primary antibodies: A mouse monoclonal anti-endothelial NOS antibody (1:250 dilution, 1-hour incubation; Transduction Laboratories, Lexington, KY), a mouse monoclonal anti-neuronal NOS antibody (1:200 dilution, overnight incubation; Santa Cruz Biotechnology Inc, Santa Cruz, CA), a rabbit anti-human protein arginine methyltransferase-1 (1:200; Millipore, Billerica, MA), a goat anti-rat dimethylarginine dimethylamonihydrolase-1 (1:500, overnight incubation; Santa Cruz Biotechnology Inc), a goat anti-rat dimethylarginine dimethylamonihydrolase-2 (1:100, overnight incubation; Santa Cruz Biotechnology Inc), and a rabbit anti-rat AHR antibody (1:1000, overnight incubation; NB100-2289, Novus Biologicals, Littleton, CO, USA). Following five washes with 0.1% Tween-Tris-buffered saline (TBS-T), the membranes were incubated for 1 h with a horseradish peroxidase-labeled secondary antibody diluted 1:1000 in TBS-T. Bands were visualized using SuperSignal West Pico reagent (Pierce; Rockford, IL, USA). Band density was calculated as the integrated optical density (IOD) minus the background value. The density of Ponceau S staining was used to correct for variations in total protein loading. The protein abundance was represented as IOD/PonS.
Immunohistochemistry Staining
Paraffin-embedded tissue was sectioned at a 3 µm thickness. Tissue slides were deparaffinized with xylene and rehydrated in a series of ethanol solutions with decreasing concentrations. Following blocking with immunoblock (BIOTnA Biotech., Kaohsiung, Taiwan), the sections were incubated for 2 h at room temperature with an anti-8-OHdG antibody (clone #N45.1, 1:100, JaICA, Shizuoka, Japan). Immunoreactivity was revealed using the polymer-horseradish peroxidase (HRP) labeling kit (BIOTnA Biotech) and 3,3 -diaminobenzidine (DAB) as the chromogen. An identical staining protocol omitting incubation with a primary antibody was employed to prepare samples that were used as negative controls. A quantitative analysis of positive cells per microscopic field (X400) in the renal sections was performed as we described previously [10] .
Statistical Analysis
A statistical analysis was conducted with a one-way analysis of variance (ANOVA) with a Tukey post hoc test for multiple comparisons. BP was analyzed by a two-way repeated-measures ANOVA with a Tukey post hoc test. All values are reported as mean ± SEM. A probability value <0.05 was considered statistically significant. All analyses were performed using the SPSS 14.0 (IBM, Armonk, NY, USA).
Conclusions
In conclusion, maternal BPA exposure exacerbates hypertension programmed by HF intake in male adult offspring. Our data highlight that early-life environmental EDC exposure may interact with in utero nutritional insults, leading to adverse outcomes in later life. Resveratrol, an antioxidant and an AHR antagonist, may serve as a reprogramming strategy to prevent hypertension programmed by HF + BPA exposure. Several important mechanisms are involved in the protective actions of resveratrol against hypertension in adult offspring, including reducing oxidative stress, restoring NO bioavailability, and antagonizing the AHR signaling pathway. However, it is not possible to reach therapeutically relevant doses through the daily uptake of conventional foods (e.g., grapes) or beverages (e.g., wine). Therefore, clinical trials with the aim of developing resveratrol-enriched supplements to determine effective interventions for the therapy of specific diseases in pregnancy are urgently needed. With a better understanding of the environment-diet interactions that underlie hypertension programmed by combined BPA and HF exposure, our results can aid in developing effective reprogramming strategies to prevent hypertension and related disorders. Funding: This work was supported by Grant CMRPG8H0641 from Chang Gung Memorial Hospital, Kaohsiung, Taiwan. We thank Chang Gung Medical Foundation Kaohsiung Chang Gung Memorial Hospital Tissue Bank Core Lab (CLRPG8F1702) for excellent technical support.
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